No inhibition ofnitrogenase activity by physiological levels ofNH4+ or carbamyl phosphate was observed in extracts of Azotobacter vinelandii. AU of the`5N2 reduced by cultures which received no NH4' was found in the celLs. By contrast, more than 95% of the '5N2 reduced by cultures which had been given NH4' was found in the medium. Failure to examine the culture medium would lead to the erroneous conclusion that N2 fixation is inhibited by NH4'. Nitrogenase 
Nonsymbiotic N2-fixing bacteria grown in the presence ofNH4' exhibit no detectable nitrogenase activity (22) . Because N2 reduction requires the expenditure of energy and reductant (1) , tight control of enzyme synthesis would be expected to be beneficial to the bacterium. A mechanism of feedback inhibition would, likewise, seem to be an advantage to an N2-flxing cell.
There are reports (2, 6, 11, 13, 14, 19) of inhibition ofnitrogenase activity by the addition of NH4' to N2-fixing cultures of Azotobacter.
Seto and Mortenson (24, 25) showed that carbamyl phosphate inhibits nitrogenase activity in Azotobacter vinelandii and Clostridiumpasteurianum. These workers (25) (3) . A similar procedure was followed for the assay of nitrogenase activity in K. pneumoniae and C. pasteurianum except that the reaction was carried out in a 70-ml serum bottle which had been evacuated and filled with He before the addition of the bacteria. In this case, 10 ml of the bacterial culture was injected through the stopper (to avoid 02 inactivation of nitrogenase), and 5 ml of '5N2 was injected to begin the reaction. Incubation was at 30°C for 30 min. Samples were prepared for mass spectrometry by the procedures outlined by Burris and Wilson (3) . Mass spectrometry was performed on a Consolidated Nier isotope ratio mass spectrometer. An identical flask was used to measure C2H2 reduction by the culture.
RESULTS
We first wished to establish whether nitrogenase from A. vinelandii is subject to feedback inhibition in vitro by NH4+ or carbamyl phosphate. Cell-free extracts were prepared with a French pressure cell and were assayed the same day to avoid the possible loss of sensitivity as described by L'vov et al. (19) . The addition of NH4' at concentrations of up to 4.4 mM caused no decrease in the nitrogenase activity measured by C2H2 or N2 reduction (Table 1) . Carbamyl phosphate at a concentration of 1 mM had no effect on nitrogenase activity in vitro and caused only a slight decrease in the activity at concentrations of 5 and 10 mM. The high concentration of carbamyl phosphate required for the inhibition suggests that this probably does not represent a physiologically important mechanism for controlling nitrogenase activity.
We observed no substantial inhibition by these compounds when extracts were prepared either by osmotic shock or with a French press, It is possible, however, that sensitivity to feedback inhibition may be destroyed in the preparation of cell-free extracts or that feedback inhibition may result from one or more metabolites accumulating in the presence of NH4'. To avoid making assumptions as to the identity of possible inhibitors, we wished to determine how much nitrogenase activity could be expressed in vivo in the presence of NH4'. A derepressed mutant strain UW590 of A. vinelandii is a helpful tool for this study (9) . To determine whether the decreased nitrogenase activity is due to feedback inhibition or to partial repression of nitrogenase synthesis, we measured the amount of nitrogenase protein in cell-free extracts ( was grown in the presence of NH4', both nitrogenase activity and protein were approximately 40% of that found in the wild type. Thus, the nitrogenase in strain UW590 is fully active in the presence of NH4', and the lower nitrogenase activity observed in NHI{-grown cultures is due to the decreased synthesis of the enzyme rather than to the inhibition of its activity. An argument against using a mutant strain is that the nitrogenase in this strain might in some way be different from that of the wild type (e.g., by being less sensitive to inhibition). Therefore, we also used wild-type strains of A. vinelandii, K. pneumoniae, and C. pasteurianum to test whether nitrogenase is fully active in the presence of NH4'. Acetylene reduction is a convenient, but indirect, method to measure nitrogenase activity; therefore, we measured N2 reduction directly using ['5N]N2.
One-half of a culture of bacteria actively fixing N2 was a control to which nothing was added. The other half was given 28 mM NH4C. After 10 min, both halves of the culture were incubated with 15N2 for 30 min. No inhibition of nitrogenase activity was observed when K. pneumoniae or C. pasteurianum was given NH4Cl (Table 3 ). The addition of NH4Cl to A. vinelandii resulted in approximately 15 ± 4% lower activity. In each organism studied, the effect of NH4' addition on C2H2 reduction was found to be the same as the effect on N2 reduction.
We expected that newly fixed nitrogen would be retained in bacterial cells; however, we found that 15N appeared in the medium of cultures of A. vinelandii, K. pneumoniae, and C. pasteurianum which were fixing 16N2 in the presence of NH4'. The distribution of the label was determined by separating the cells from the medium before Kjeldahl digestion. Similar results were obtained when the cells were collected by centrifugation or filtration. The distribution of 15N between the cells and the medium is shown in Table 4 . When wild-type or derepressed mutant cells fixed 15N2 in the presence of NH4+, 15N appeared in the medium. When cells were exposed to`5N2 in NH4-free medium, '5N was detectable only in the cells and not in the medium. Because the amount of 15N in the medium relative to that in cells of A. vinelandii varied with the extemal NH4+ concentration (data not shown), it seemed that the appearance of 15N in the medium was due to an exchange between internal and external NH4'. To confirm that the 15N in the medium was in the form of NH4', an N2-fixing culture of wild-type A. vinelandii was given 28 mM NH4Cl and incubated with`5N2 for 30 min. The medium was collected by filtration and divided in half. One-half of the medium was subjected to Kjeldahl digestion before steam distillation. This procedure recovers total nitrogen. The other half of the medium was treated with saturated borate and distilled at 55°C for NH4+-N only (29) . The 15N contents of the NH4+-N and total N were approximately equal (38 versus 41 nmol), suggesting that the 15N in the medium was present as NH4+. Failure to examine the culture medium for 15N would lead to the conclusion that little 15N2 had been reduced by cultures which were given NH4+. The conclusion that N2 fixation in A. vinelandii is inhibited by NH4+ (2) was based on data concerning only the 15N content of the cells.
Also supporting the idea that N2 fixation is not subject to feedback inhibition is the fact that nitrogenase in the derepressed mutant strain of A. vinelandii was fully active when the cells were grown with NH4+. The difference in nitrogenase activity between NH4+-and N2-grown cultures of the derepressed mutant is due to partial repression and not to inhibition of nitrogenase activity.
It is surprising that no significant feedback inhibition occurs. Perhaps a mechanism for the rapid shutting off of nitrogenase activity has not evolved because the bacteria are rarely exposed to a large short-term influx of fixed nitrogen.
It is interesting to note that strong inhibition of nitrogenase is observed upon the addition of NH4+ to N2-fixing cultures of the nonsulfur pur-EFFECT OF NH4+ ON NITROGENASE 887 ple photosynthetic bacteria (12, 20, 21, 23, 28, 31, 34) . This inhibition is caused by the reversible enzymatic modification of nitrogenase component II (16) (17) (18) 21) .
